Size effects on a first-order phase transition in submicron disks is demonstrated using a high-resolution imaging method. In MnAs disks on GaAs ͑001͒ substrates having sizes smaller than twice the film thickness, an individual disk consists of either entirely ␣-MnAs or entirely ␤-MnAs as a consequence of the nucleation initiation of the first-order phase transition. A phase coexistence occurs on macroscopic scales as the two kinds of the disks can be present simultaneously. In slightly larger disks, the stripe structure due to the phase coexistence in films is modified to a core-shell-type phase segregation.
I. INTRODUCTION
The simultaneous structural and magnetic phase transition in bulk MnAs at the critical temperature T c Ϸ 40°C has been investigated in detail. 1, 2 The low-temperature phase, ␣-MnAs, is ferromagnetic having hexagonal crystal structure. Above T c , the crystal structure transforms into orthorhombic 3 and the material, ␤-MnAs, loses the ferromagnetism. 4 The phase transition is first order; i.e., the transition is abrupt and displays a temperature hysteresis. 2 The material properties of MnAs in epitaxial thin films and microstructures have become an important subject in the last decade due to "spintronics" applications. 5, 6 In films grown on GaAs substrates, the two phases coexist for a wide temperature range around T c . 7, 8 The coexistence is governed by the combination of two types of stresses:
8 phase transition stress due to an abrupt volume change at the phase transition and thermal stress due to the unusually large thermal expansion of MnAs. During growth of MnAs layers, most of the lattice mismatch between MnAs and GaAs is compensated by introducing misfit dislocations. Upon cooling the MnAs/ GaAs heterostructures towards room temperature, 9 the MnAs films are tensile strained as the thermal expansion of MnAs is one order of magnitude larger than that of GaAs. 10 When the temperature is lowered beyond T c , however, the MnAs films suddenly experience additional compressive strain, as the phase transition from the ␤ phase to the ␣ phase involves a volume expansion. 11 The discontinuous volume change favors a mixture of the two phases rather than a homogeneously stressed uniform phase as the system saves the strain energy by balancing the stresses. The fractions of the two phases vary continuously over a certain interval of temperature, typically 20-30°C in MnAs/ GaAs ͑001͒ structures. 8 The coexistence temperature regime shifts to the high-or low-temperature side of T c depending on whether the tensile strain due to the thermal expansion mismatch or the compressive strain due to the volume change is dominant, respectively.
For GaAs ͑001͒ substrates, 12 the phase coexistence leads to the formation of a quasiperiodic stripe structure 13 ͓see Fig.   1͑a͔͒ . The MnAs films grow with the ͑1100͒ plane as the surface plane. The ͓0001͔ and ͓1120͔ directions of MnAs are aligned along the ͓110͔ and ͓110͔ directions of GaAs, respectively. The sudden change of the lattice constants of MnAs at the phase transition occurs in the ͓1120͔ and ͓1100͔ directions, whereas the lattice constant in the ͓0001͔ direction is almost unchanged. As a consequence, narrow strips of ␣-and ␤-MnAs alternate in the MnAs ͓1120͔ direction so as to cancel out the phase-transition and thermal stresses. 8 The stress remains intact along the MnAs ͓0001͔ direction as there is no compensation mechanism for that direction.
14 The stripes give rise to a height modulation with a magnitude of a few nm. The period d of the stripes increases almost linearly with the layer thickness t, exhibiting a relationship d Ϸ 4.8t. 15 For typical values of t ͑ϳ100 nm͒, d is about a half m, which is the size that allows us to enforce artificial constraints on the phase transition using microfabrication technologies.
In this paper, we report on the phase transition when MnAs films are processed to disks having lateral dimensions comparable to or less than the period d. The distribution of phase domains in microstructures is imaged with a high spatial resolution using scanning probe microscopies. While the two phases remain to coexist irrespective of the size of the disks, the nature of the coexistence is found to be affected fundamentally by the size reduction. FIG. 1 . Schematic of the phase coexistence in MnAs films ͑a͒ and disks ͑b͒, ͑c͒ on GaAs ͑001͒. ͑b͒ and ͑c͒ correspond to the disks having the size comparable to and significantly smaller than the period of the stripes of ␣-MnAs and ␤-MnAs in the film, respectively.
II. SAMPLE PREPARATION AND X-RAY-DIFFRACTION ANALYSIS
Two high-quality MnAs films were grown on GaAs ͑001͒ substrates at 230°C by molecular-beam epitaxy. 13 We refer to the films as Nos. 1 and 2. The film thickness was 50 nm for both samples. The MnAs layer for No. 2 was grown on a GaAs buffer layer that included a buried Al 0.3 Ga 0.7 As layer. The embedded layer gave rise to a significantly lower ␣-phase fraction ͑Ϸ40% ͒ in the film than that ͑Ϸ70% ͒ in film No. 1, plausibly due to a modification of the strain between the epilayer and substrate. The MnAs disks were fabricated from the epitaxial films using electron-beam lithography and Ar-ion milling. As the etch rate for MnAs is significantly smaller than that for GaAs, the etching proceeded typically about 100 nm deep into the GaAs substrate; i.e., MnAs disks were placed on top of GaAs pillars. The shape of the disks was either circular ͑for small disks͒, square ͑for large disks͒, or square with rounded corners ͑gen-erally for medium-size disks͒. The disks were assembled in the form of a square array. We note that the magnetic interaction among the disks is negligibly small.
In Fig. 2 , we show x-ray-diffraction ͑XRD͒ curves ͑-2 scan with being the glancing angle of incidence on the sample surface and 2 the detector angle with respect to the incident beam͒ of film No. 1 and the disks fabricated from it at 29°C. In addition to the GaAs ͑006͒ peak originating from the substrate, two peaks associated with the MnAs layer are present. 8 They are identified to be due to the ␣-MnAs ͑3300͒ and ␤-MnAs ͑060͒ reflections. 16 Based on the relative intensities of the two peaks and the ratio of their structure factors, the fractions of the ␣ and ␤ phases of MnAs can be estimated. For the film in Fig. 2 , for instance, 71% of MnAs is indicated to be in the ␣ phase.
The curves in Fig. 2 for the MnAs disks, having the sizes of 430 and 100 nm, reveal two immediate findings. ͑i͒ The amount of the ␣ phase increases in the disks. The ␣-phase fraction for various sizes of the disks is summarized in Table  I . ͑ii͒ The shift in the position of the ␣-MnAs ͑3300͒ peak indicates that the lattice constant of ␣-MnAs enlarges in the direction normal to the surface. The sizes of the smallest disks are significantly less than the period of the ␣-␤ stripes, which is 220 nm as determined by atomic-force microscopy ͑AFM͒, so that the stripe structure can no longer be accommodated within the disks. In addition, the exposed side walls of the disks help to relax the stress. It was observed in Ref.
14 that the ␤-MnAs segments in the stripe structure were converted to the ferromagnetic phase when the adjacent ␣-MnAs segments were removed by a phase-selective wet chemical etching. One may hence expect an abrupt transition between ␣-MnAs and ␤-MnAs which is inherent for the first-order phase transition to be restored in such small disks. That is, the MnAs in the small disks should transform entirely into the ␣ phase at room temperature. Although ␣-MnAs increased its fraction in all but one disk, the existence of both phases is apparent ͑see Table I͒, contrary to this expectation. As the initial phase fractions in the two films are significantly different, the phase coexistence in small disks is evidenced to be generic.
III. MAGNETIC-FORCE MICROSCOPY
In order to clarify the mechanism for the coexistence of the two phases within disks, we examined the magnetic properties of the disks using magnetic-force microscopy ͑MFM͒. We exploit the advantage that the distribution of ␣-and ␤-MnAs can be determined as the regions of ferromagnetic and nonmagnetic components. We note that the phase distribution of first-order phase transitions has been studied typically using an optical microscope, 17 for which the spatial resolution is limited to micron scales. Our approach allows us to study the phase transitions with a high resolution.
In Figs. 3͑b͒ and 4͑b͒, we show MFM images of the MnAs disks having the sizes of 170 and 100 nm, respec-TABLE I. ␣-phase fraction at 29°C estimated using x-ray diffraction in two films and the disks fabricated from them. The size of the disks and the period of the disk arrays were determined from scanning-electron micrographs.
Sample
No.
Size ͑nm͒ 2 . X-ray diffraction curves ͑ −2 scan͒ of a MnAs film ͑No. 1͒ on GaAs ͑001͒ and disks ͑Nos. 14 and 11͒ fabricated from the film at 29°C using Cu K␣ 1 radiation. The three peaks are associated with the GaAs ͑006͒, ␣-MnAs͑3300͒, and ␤-MnAs ͑060͒ reflections. The bars indicate the position of the peaks for the film. The curves are offset for clarity.
tively. In our MFM setup, the magnetic field normal to the surface is detected by a scanning tip. The bright and dark contrasts in the MFM images correspond to the areas where the magnetic fields are directed out of and towards the surface plane, respectively. In identifying the ferromagnetic regions in the MFM images, it is important to understand the magnetic-domain structure in submicron disks. 18 While the magnetic moments lie within the surface plane as a result of the shape anisotropy, ferromagnetic disks exhibit a transition from multiple magnetic domains to single magnetic domain upon reducing the disk diameter. When the diameter is larger than a critical value, the magnetic structure of the disks is a closure-flux-type multidomain state. In disks smaller than the critical size, in contrast, the domain-wall energy exceeds the magnetostatic energy arising from stray fields. Thus, each disk consists of a single magnetic domain even in a demagnetized state. As we demonstrate below, the critical size for the single-magnetic-domain regime is around 100 nm for the present MnAs disks.
The five disks contained in the middle row and the righthand-side column in Fig. 3͑b͒ possess a single magnetic moment with its direction as illustrated in Fig. 3͑c͒ . ͑The magnetization direction is indicated by two arrows due to the reason that will soon become clear below.͒ Due to the extremely large uniaxial magnetocrystalline anisotropy in MnAs films, 7, 19 these single magnetic moments are always oriented along the magnetic easy axis, which lies along the MnAs ͓1120͔ direction. The rest of the four disks in Fig. 3͑b͒ exhibit two magnetic domains with antiparallel magnetization orientation. The multidomain states in disks that are somewhat larger than the critical size contain no more than two magnetic domains due, again, to the huge uniaxial anisotropy. This is in contrast to the fourfold-symmetric domains observed in the disks processed from roughly isotropic ferromagnetic films, such as Fe and Co. 20 Out of 44 disks observed in No. 12, 23 disks exhibited the antiparallel configuration. The numbers of the disks that showed a single magnetic moment pointing to the left and right were both 10. ͑One disk vanished in the MFM image. We will return to this phenomenon later.͒ That the numbers of the left-and right-pointing disks are identical is a consequence of the sample having been intentionally demagnetized prior to the MFM imaging by heating it to ϳ60°C, at which MnAs becomes entirely the nonmagnetic ␤ phase. The fact that almost half the demagnetized disks exhibit antiparallel magnetic moments implies that the 170-nm-large disks are in the double-domain state with the magnetic moments being directed randomly. The configuration of the single magnetic moment was obtained when the magnetization directions of both domains were the same by coincidence.
Despite the considerable amount of ␤-MnAs indicated by the XRD curve, the identical size of the image of the disks taken by MFM and that obtained by the same scanning tip in the AFM mode, Fig. 3͑a͒ , reveals that the entire top surface of the disks consists of ferromagnetic ␣-MnAs. ͓We note that the disks appeared larger in MFM and AFM images than in the scanning-electron micrograph, which is shown at the upper-left corner in Fig. 3͑a͒ , as the height of the etched MnAs/ GaAs pillars was too large for the scanning-tip microscopies to enable faithful imaging of the disk size. The size difference is even more pronounced in Fig. 4͑a͒ as the disk diameter is smaller than the pillar height.͔ Therefore, ␤-MnAs is indicated to be buried underneath, plausibly in the vicinity of the MnAs-GaAs interface as illustrated in Fig.  1͑b͒ . On the one hand, the stress-free surface MnAs is in the ␣ phase as T c of bulk MnAs is above room temperature. 14 The additional surface area at the side of the disks after the microstructuring leads to an increase of the ␣-phase fraction, as observed by XRD. On the other hand, the interior of the disk will be kept under a significant stress by the substrate, thereby stabilizing the ␤ phase. The expansion of the lattice in the vertical direction indicated by the XRD curves for the disks in Fig. 2 may be regarded as evidence that the MnAs disks are not completely free of stress even in the smallest disks, since the suppression of the compressive strain in the in-plane direction by the microstructuring should result in a contraction of the lattice in the vertical direction. Therefore, the phase coexistence persists by modifying the distribution of the two phases to the core-shell-like configuration. The redistribution of the two phases has a serious consequence when microstructured MnAs is employed as, for instance, spin injectors and detectors since the nonmagnetic phase is placed at the MnAs-GaAs interface. 6 The situation is markedly different when the disk size is 100 nm ͑No. 11͒. Many of the disks are characterized by a single magnetic moment. Among the 50 disks we examined, 26 and 6 disks indicated a single magnetic domain with the magnetization pointing to left and right, respectively. ͑The sample was again intentionally demagnetized prior to the MFM imaging.͒ The antiparallel-double-domain feature was observed only in 10 disks. As the number of singlemagnetic-domain disks is well more than that expected for the coincidental alignment of two magnetic moments, the critical disk size for the transition between the multiple-and single-magnetic-domain regimes is indicated to be around 100 nm. Moreover, the most striking feature in No. 11 is that as many as 8 disks ͑16% of the total number of the disks͒ are not visible in the MFM image. Notice the two missing disks of the array in Fig. 4͑b͒ . Only 1 out of 44 disks similarly disappeared in the MFM image from No. 12. If the magnetic domain is of a vortex type, the magnetic contrast would be weak owing to the few stray fields. Given the gigantic uniaxial anisotropy in MnAs films, however, it is very unlikely that the magnetic moments can tilt away from the easy axis. In MnAs wires with a width only about twice the layer thickness, the magnetization direction remained undisturbed even though the wires were stretched perpendicular to the easy axis.
14 This corroborates that the uniaxial magnetocrystalline anisotropy overwhelms the shape anisotropy. We therefore conclude that the vanished disks are fully occupied by the ␤ phase. These disks already account for two-thirds of the ␤-MnAs shown to be present by the XRD curve. We presume that most of the rest of the disks-i.e., the ferromagnetic disks-consist completely of ␣-MnAs.
The two phases of MnAs no longer share a single disk when the disk size is smaller than 100 nm. The phase transition within a disk is hence indeed abrupt. Nevertheless, the phase coexistence survives on a macroscopic scale. The disks are divided to those composed of ␣-MnAs and those composed of ␤-MnAs instead of the phase of all the disks being driven to a favored one. It is reasonable to assume that the number counting of the ␣-MnAs disks and the ␤-MnAs disks yields the phase fractions expected for the ordinary phase coexistence in films, provided that the reduced stress due to the increased surface areas is properly accounted for to increase the ␣-phase fraction.
The simultaneous presence of the ␣-phase disks and the ␤-phase disks is a manifestation of the nucleation initiation of the first-order phase transition of MnAs. While the temperature crosses T c to the condition corresponding to a new phase, a first-order phase transition does not occur immediately. The system stays in a metastable state until nuclei are formed by surmounting the potential barrier separating the phases. The nuclei are favored and thus grow further until a macroscopic phase transition has been realized. Since the disks in the array are independent from each other, whether each disk maintains its existence in the metastable phase or changes to the stable phase is a stochastic process. The disks can be in either phase with a certain probability. Although the phase transition in the small disks hence resembles that in a bulk, we emphasize that the metastable states appear to be stabilized by the stress from the substrate. 21 The temperature range for the thermal hysteresis in a bulk MnAs is above room temperature. 2 This explains the observation in Fig. 3 that the surface MnAs is almost completely in the ␣ phase. The fairly large number of ␤-MnAs disks at room temperature, therefore, highlights an undiminished influence of the substrate.
IV. CONCLUSION
In conclusion, we have investigated the phase transition between the ␣ and ␤ phases of MnAs in a mesoscopic system using a high-resolution imaging method. In medium-size disks, the phase coexistence persists by adopting a coreshell-type phase segregation. When the disk size is further reduced, the phase distribution is "quantized" to a particle like behavior, in reminiscence of the photons in the distribution of light intensities. Individual disks are required to be either entirely in the ␣ phase or entirely in the ␤ phase due to the nucleation initiation of the first-order phase transition of MnAs. However, one can predict only the probability of the phase for a single disk. A macroscopic phase coexistence remains as a supersaturation. The size effects are thus demonstrated to alter the nature of the phase transition in nanometer-scale disks.
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